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Electromagnetic ion cyclotron (EMIC) waves, particularly their generation and excitation mechanisms, have been a subject of 
wide interest because of their potential importance in ion acceleration and heating. In this work, the parameter-dependence of 
EMIC instabilities is investigated with a combined loss-cone and temperature anisotropy distribution for suprathermal ions. The 
calculation of the linear growth rate of EMIC waves with an arbitrary propagation angle is presented. The results show that the 
growth rates of EMIC waves propagating quasi-perpendicular to the ambient magnetic field increase as the loss-cone parameter 
α increases, whereas the growth rates of EMIC waves propagating quasi-parallel to the ambient magnetic field increase as the 
temperature anisotropy parameter AT increases. This indicates that the free energies associated with the loss-cone and temperature 
anisotropic distributions are primarily responsible for the excitation of the quasi-perpendicular and parallel propagating EMIC 
waves, respectively, and provides us with a more comprehensive understanding of excitation and generation mechanisms for 
EMIC waves in space plasmas. 
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Particle acceleration and electromagnetic fluctuation have 
proved to be important subjects in space exploration [1–4]. 
Electromagnetic ion cyclotron (EMIC) waves are often ob-
served in various regions of the magnetosphere, ranging 
from a few to tens of RE (the Earth’s radius). Their polari-
zation properties, excitation mechanisms and wave-particle 
interactions have been extensively studied by a number of 
authors [5–11]. EMIC waves may have an important role in 
ion accelerating and heating. For instance, it is widely be-
lieved that the resonant absorption of EMIC waves is one of 
the main mechanisms for the acceleration and heating of 
high-speed solar wind streams [12–16]. In the Earth’s mag-
netosphere, the heating of heavy ions has been linked to 
EMIC waves [17,18]. Also, EMIC waves are often used to 
explain 3He-rich events in impulsive flares in the solar co-
rona [19,20]. 
Observations within the Earth’s magnetosheath have 
shown that the constituent ions often exhibit a temperature 
anisotropy T⊥>T∥, where T⊥(T∥) is the average over the 
particle distribution of 2 2/ 2( )i im v m v⊥ & , with mi being the 
mass of the particle and v⊥(v∥) being the component of the 
particle’s velocity perpendicular (parallel) to the ambient 
magnetic field B0 [21]. Statistical studies have demonstrated 
that there is an inverse correlation between the temperature 
anisotropy and the ion parallel 20 0/( /2)β ν=i in T B& &  [22]. 
Simulation studies of wave-particle scattering by the ion 
temperature anisotropy have yielded a similar inverse cor-
relation. Furthermore, these simulation studies have shown 
that the wave-particle scattering is caused mainly by EMIC 
waves propagating parallel to B0 that have been excited by 
the EMIC instability [23–27]. 
A study by Ludlow [28] showed that the temperature an-
isotropy can drive obliquely propagating EMIC waves. In 
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this case, the growth rates of the EMIC waves do not de-
pend strongly on the propagation angle φ for φ<0.5, al- 
though for parallel propagation, the growth rates peak at 
φ=0. Using a subtracted Maxwellian distribution, Denton 
and Hudson [29] argued that EMIC waves with larger 
propagation angles can be driven by loss-cone instability. 
Xue et al. [30] and Xiao et al. [31] further demonstrated that 
the Lorentzian distribution (also called the kappa distribu-
tion) can drive large-angle propagating EMIC waves as 
well. 
However, in situ measurements by satellites in near-earth 
space plasmas have demonstrated that a large variety of 
microscopic velocity distributions of plasma particles exist 
that often cannot be modeled by a simple distribution func-
tion [32]. In the present paper, the growth rate of EMIC 
waves with the arbitrary propagation angle has been calcu-
lated using a combined loss-cone and temperature anisotro-
py distribution for suprathermal ions. These results support 
the previous work presented by the authors mentioned 
above, that the growth rates of quasi-perpendicular and qua-
si-parallel propagating EMIC waves are dominated by the 
loss-cone and the temperature anisotropy instabilities, re-
spectively. This indicates that the free energy associated 
with the loss-cone distribution is mainly responsible for the 
excitation of the perpendicular propagating EMIC waves, 
while the free energy associated with the temperature ani-
sotropy for the excitation is mainly responsible for the par-
allel propagating EMIC waves. 
1  Distribution function and growth rate 
Consider a plasma, which is uniformly magnetized by a 
constant magnetic field B0 along the z direction, consisting 
of a suprathermal ion population with mass mi density nh, 
temperatures (T⊥>T∥). The background cold plasma has 
density n0>>nh and temperature T0<<T∥<T⊥. The supra-
thermal ion population is assumed to have a combined ve-
locity distribution function: 
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are the perpendicular and parallel distribution functions, 
respectively; /⊥ ⊥≡T iv T m  and /≡T iv T m& &  are the 
perpendicular and parallel thermal speeds of the suprather-
mal ions, respectively; α is the loss-cone index. For the case 
when the loss-cone index α=0, the combined distribution 
function of eq. (1) is reduced to an anisotropic bi-Maxwel- 
lian distribution. The average parallel and perpendicular 
energies of the suprathermal ions in the combined distribu-
tion of eq. (1) are given by 2 / 2ε = i Tm v &&  and 
2( 1)ε α ⊥⊥ = + i Tm v , respectively. An effective temperature 
anisotropy can be represented by  
(1 ) 1 1.
2
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          (4) 
It is well known that the general form of the dispersion 
equation can be obtained by letting the matrix determinant 
of the dispersion tensor { }Λi j equal zero, that is 
0Λ ≡ Λ =i j . Writing ω ω γ= +r i  and invoking the ap-
proximation γ ω r , the usual dispersion equation, which 
determines the wave frequency ( )ωr k , can be obtained by 
taking the real part of the dispersion tensor Re( )λ = Λr . 
The dispersion tensor is dominated by the ambient plasma 
in the approximation that nh<<n0. In the ambient cold plas-
ma approximation, the dispersion equation can be written as 
[29]  
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where /ω= rN ck  is the refractive index, c is the light 
speed, and φ is the propagation angle (i.e. the angle between 
the wave vector k and the z-axis). For low frequency waves, 
defined by ω ωr pi  and Ωe  (where ωpi  is the ion 
plasma frequency and Ωe  is the electron gyrofrequency), 
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The imaginary part of the dispersion tensor, Im( )Λ = Λi , 
is dominated by contributions from the suprathermal ions 
and can be approximated by 
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are the elements of the adjoint of the dispersion tensor 
{ }Λi j  [33] and ε hij  are the elements of the dielectric ten-
sor of the suprathermal ions [34]. 
In general, for the case when the density of the supra-
thermal ions is low (nh<<n0), the approximation γ ω r  
holds. The growth rate of the waves can then be calculated 
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where ω∂ r  denotes the partial derivative with respect to 
ωr . The growth rate, normalized by the ion gyrofrequency 
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Js are the usual Bessel functions of order s and Js′ are   
their corresponding first derivatives with respect to 
/ Ω⊥ ⊥= ib k v . 
Because Ω ik v& &  and the presence of the Dirac-delta 
function, ( )δ ω Ω− −r is k v& & , in eq. (11), the summation is 
reduced to the resonant term, s=1, that correlates to the 
fundamental frequency of the EMIC waves (i.e. ω Ω∼r i ). 
Consequently, using the combined distribution function of 
the suprathermal ions of eq. (1), the normalized growth rate 
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and the parameters 2 2/ 2 ⊥⊥= Tx v v  and 0 2 / Ω⊥⊥= T ib k v . 
2  Results and discussion 
Figure 1(a) depicts the plot of the peak growth rate as a 
function of the propagation angle φ, determined by varying 
the frequency rω , for three different loss-cone indices, 
α=0, 1 and 3, with the effective anisotropic index taken to 
be AT=3. The growth rate has been normalized by 
0( / )Ωh in n  and the parameters ε⊥=20 keV, mi/me=1836, 
and / 40ω Ω =pi i  have been used in the numerical calcula-
tion.  
From Figure 1(a), it is found that for the case when α=0 
(i.e. the temperature anisotropy alone contributes to the 
driven free energy of the suprathermal ions), the growth rate 
steadily decreases as the propagation angle φ varies between 
0 (parallel propagation) and π/2 (perpendicular propagation). 
The maximal growth rate occurs when φ=0. However, for 
the cases when α=1 and 3, after gently decreasing with φ in 
the regime of φ<1, the growth rate then rapidly increases 
and reaches its maximum between 1.3<φ<1.5 (i.e. quasi- 
perpendicular directions). Moreover, the maximal growth 
rate in the quasi-perpendicular direction is remarkably en-
hanced by larger loss-cone indices. This clearly indicates 
that the growth of quasi-perpendicular propagating EMIC 
waves is driven by the loss-cone distribution of the supra-
thermal ions. 
Figure 1(b)–(d) show the variation in the growth rate 
with wave frequency /ω Ωr i  for α=0, 1 and 3, respectively. 
A distinct characteristic in each of these plots is strong ab-
sorption at frequencies between 0.8Ωi  and 0.9Ωi . Also, a 
peak in the growth rate appears at frequencies near 0.7Ωi , 
except for the quasi-perpendicular propagating cases at 
1.4φ  . These strong absorptions can be clearly attributed 
to the term that is proportional to the wave frequency 
/ω Ωr i  presented in eq. (13). For the quasi-perpendicular 
propagating case however, the EMIC wave continues to 
increase in this regime because of the loss-cone driven for 
α=1 and 3, as shown in Figure 1(c) and (d). Figure 1(a) fur-
ther shows that for quasi-parallel propagating EMIC waves 
in the region of φ<0.5, the growth rate does not depend ob-
viously on the loss-cone distribution, whereas for the qua-
si-perpendicular propagating case within 1.3<φ<1.5, the 
loss-cone distribution strongly affects the growth rate of 
EMIC waves. 
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Figure 1  The normalized growth rate 0( / ) /γ Ωh in n . (a) The peak growth rate versus the propagation angle φ for loss-cone indices α=0, 1 and 3, with 
anisotropic index taken to be AT=3; (b)–(d) the variation in the growth rate with the normalized frequency /ω Ωr i  for the propagation angles φ=0.2, 0.6, 1.0 
and 1.4. Other parameters, ε⊥=20 keV, and / 40ω Ω =pi i  have been used in the numerical calculation. 
Figure 2(a) depicts the plot of the peak growth rate as  
a function of propagation angle φ, determined by varying 
the frequency ωr , for three different anisotropic indices 
AT = 1, 3 and 7, with loss-cone index taken to be α=3. The 
other parameters have been taken to be the same as those 
in Figure 1.  
From Figure 2(a), it is found that the maximal growth 
rate in the range 0<φ<1 is enhanced remarkably by larger 
anisotropic indices. In particular, for the case when the ani-
sotropic indices are large, AT>α, for example, AT=7>α=3, as 
in Figure 2(a), the growth rate still decreases steadily when 
the propagation angle φ varies between 0 and π/2. The 
maximal growth rate occurs for parallel propagating EMIC 
waves because, in this case, the temperature anisotropy 
dominates the wave’s growth. However, for the quasi-  
perpendicular propagating cases, in the rather narrow range 
of 1.3<φ<1.5, the wave growth again is dominated by the 
loss-cone distribution, as shown in Figure 2(a). In addition, 
Figure 2(a) shows that for smaller anisotropic indices, AT≤α, 
the growth rate hardly decreases in of the region φ<1 be-
cause of the effect of the loss-cone distribution. 
Figure 2(b)–(d) show the variation of the growth rate 
with the wave frequency /ω Ωr i  for AT=7, 3 and 1, respec-
tively. These results are similar to those shown in Figure 
1(b)–(d). There is clearly strong absorption of the quasi- 
parallel propagating waves for φ≤1 and a peak in the qua-
si-perpendicular propagating waves at 1.4φ  . One of the 
most important differences between Figure 1(b) and Figure 
2(b) is the peak in the growth rate evident in the latter case. 
This substantial growth can be attributed to the strongly 
anisotropic distribution with an anisotropic index AT>α, e.g. 
AT=7>α=3, which results in a remarkable enhancement of 
the peak growth rate as φ decreases. Furthermore, notice 
that this peak frequency drifts towards slightly lower fre-
quencies as the propagation angle decreases. 
3  Conclusions 
Electromagnetic ion cyclotron (EMIC) waves are interesting 
because of their potential importance in the acceleration and 
heating of high-speed solar wind streams, as well as their 
potential links to the heating of heavy ions and ion diffusion 
in the magnetosphere. In addition, EMIC waves have poten-
tial significance in the 3He-rich events in impulsive flares in 
the solar corona. EMIC waves are often observed in various 
regions of the magnetosphere that can be excited by the ion 
temperature anisotropy or by the loss-cone distribution. 
However, in situ measurements by satellites in space plas-
mas have demonstrated that there are a large variety of mi-
croscopic velocity distributions of ions that often cannot be  
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Figure 2  Normalized growth rate 0( / ) /γ Ωh in n . (a) The peak growth rate versus the propagation angle φ for effective anisotropic indices AT=1, 3 and 7, 
with loss-cone index taken to be α=3; (b)–(d) the variation in the growth rate with the normalized frequency /ω Ωr i  for propagation angles φ=0.2, 0.6, 1.0 
and 1.4. Other parameters, ε⊥=20 keV, and / 40ω Ω =pi i  have been used in the numerical calculation. 
modeled by a simple distribution function. 
In this paper, the parameter-dependence of EMIC insta-
bilities is investigated with a combined loss-cone and tem-
perature anisotropy distribution for suprathermal ions and a 
calculation of the linear growth rate of EMIC waves with an 
arbitrary propagation angle is presented. The results show 
that for a wide range of the propagation angle 0<φ<1, the 
growth rate decreases steadily with φ, while the maximal 
growth, which occurs in the parallel direction (φ=0), in-
creases remarkably with the anisotropic indices AT. Howev-
er, in the regime of φ>1 the growth rate rapidly increases 
and reaches a “perpendicular” maximum between 1.3 < φ < 
1.5 (i.e. quasi-perpendicular directions). Moreover, the 
“perpendicular” maximal growth rate is exceptionally en-
hanced by a larger loss-cone index α. 
The variation in the growth rate with the frequency 
/ω Ωr i  shows a strong absorption occurring at frequencies 
between 0.8Ωi  and 0.9Ωi  as well as a peak in the wave 
growth at frequencies near 0.7Ωi , with the exception being 
the quasi-perpendicular propagating cases at 1.4φ  , for 
which the EMIC wave increases because of the loss-cone 
driven for α≠0. In fact, for quasi-parallel propagating 
EMIC waves with φ<0.5, the growth rate shows little de-
pendence on the loss-cone distribution, whereas for the quasi- 
perpendicular propagating case within 1.3<φ<1.5, the 
loss-cone distribution strongly affects the growth rate of 
EMIC waves.  
These features imply that the free energy associated with 
the loss-cone distribution is primarily responsible for the 
excitation of perpendicular propagating EMIC waves, while 
the predominant contribution to the excitation of parallel 
propagating EMIC waves comes from the energy associated 
with the temperature anisotropy distribution. However, in 
situ satellite measurements have demonstrated that the actu-
al microscopic velocity distributions of particles in space 
plasmas are characterized by a complex, multi-distribution 
combination. For instance, at high latitudes of the Earth’s 
magnetosphere, the microscopic velocity distribution of 
ions usually consists of a combination of the loss-cone and 
the temperature anisotropy distributions. The results pre-
sented here show that perpendicular propagating EMIC 
waves can be driven efficiently by these complex distribu-
tions with combination characteristics, which gives a more 
comprehensive understanding of the excitation and genera-
tion mechanisms for EMIC waves in space plasmas. 
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